A bulk Cu-Zn alloy was multi-directionally forged at 77 K and 300 K to a cumulative strain of AEÁ" ¼ 6:0. With increasing strain, the initial grains subdivided gradually to ultrafine grains. Mechanical twins enhanced the grain fragmentation. The formed twins were further subdivided by the other variants of twins. The grain size obtained at AEÁ" ¼ 6:0 was about 17 nm at 77 K and 26 nm at 300 K.
Introduction
Several methods for severe plastic deformation (SPD), equal-channel angular pressing (ECAP), 1) accumulative roll bonding (ARB), 2) multi-directional forging (MDF) 3, 4) and etc. have been applied to bulk metallic materials to produce ultrafine grained (UFGed) structures. The grain size could be successfully reduced down to about 200 nm by these processes.
High-pressure torsion is one of the superior processes to produce much finer grains down to 5 nm. 5) Furthermore, production of a copper thin film composed of 40 nm UFGs by electro-deposition method is reported. 6) Both the latter two methods, however, are applicable only to tiny sized samples. It is, therefore, desired that a new method to fabricate further finer grained (<200 nm) bulk metallic materials shall be invented.
Sakai et al. explained a mechanism of grain refinement during MDF as low temperature continuous dynamic recrystallization (cDRX). 3) This was because the misorientation-distribution change among the grains during MDF was quite similar to that of cDRX during hot deformation: the misorientation distribution of the evolved grains gradually increased from low to high angle with increasing strain. Therefore, the strain induced microstructures both at low and high temperatures seemed to be evolved by the mechanism of cDRX. Recently, Yang et al. 4) attributed grain refinement in an AZ31 Mg alloy to mechanical twins and kinking. The mechanical twinning subdivided initial grains, and was naturally involved with sudden formation of high angle boundaries. If the twins appeared uniformly and high densely in a material, it is expected that the evolution of UFGs must be easier and accelerated.
The occurrence of mechanical twin depends strongly on material properties as stacking fault energy (SFE) and crystal orientation, and also on deformation conditions. 7) The twins appear frequently in the low SFE metallic materials as a stress relief mechanism when deformed at low temperature and at high strain rate. Therefore, an appropriate combination of material and testing condition is quite important to utilize the twins for the UFG evolution. In fact, the grain fragmentation by the twinning was not so much effective in pure Cu (SFE = 78 mJ/m 2 8) ) than expected even after MDF to a cumulative strain of AEÁ" ¼ 6:0 at 77 K.
9) It is reported that Fe-Mn and Cu alloys having the grain size of about 1 mm were obtained by cold rolling at 77 K and subsequent annealing. 10) The observed grain refinement might be affected by mechanical twinning.
The purpose of the present study is to investigate the UFG evolution mainly by mechanical twinning in a bulk Cu-30 mass%Zn alloy with SFE = 20 mJ/m 2 .
8) The MDF of the Cu-Zn ally at 77 K must be involved with twinning due to its low SFE and high work-hardening rate, and therefore, enhanced grain refinement is expected.
Experimental
A Cu-30 mass%Zn alloy with an initial grain size of 25 mm was shaped by electric discharge machining to rectangular samples with dimensions of 6 Â 7:3 Â 9 mm 3 . Although MDF is applicable to much larger sample, rather small size was chosen because of easier preparation and experiment. They were MDFed at 77 K and 300 K at a strain rate of 3 Â 10 À3 s À1 on an Instron-type mechanical testing machine. For the sake of forging at 77 K, both the samples and the anvils of the testing machine were sunk in a liquid nitrogen bath before and during MDF. The forging axis was changed 90 degrees pass by pass. A pass strain of Á" ¼ 0:4 was employed, therefore, the dimensions of the sample were kept unchanged during MDF. About the MDF process, it is precisely described elsewhere. 4, 11) The evolved macro and microstructures after MDF were investigated by using transmission electron microscopy (TEM). The microstructural observations were carried out on a plane parallel to the final forging axis.
Results and Discussion
The evolved macrostructure after deformation to a strain of AEÁ" ¼ 0:4 are shown in Fig. 1 . At AEÁ" ¼ 0:4, i.e. after the 1st pass of MDF, a numerous number of lamellar structure appeared in the grain interiors. The most of the lamellar structure was identified as twins by the analysis of the selected area diffraction (SAD) patterns. Roughly a single * Graduate Student, The University of Electro-Communications variant of twin seemed to appear in each initial grain at both temperatures. The twins appeared more frequently at 77 K than at 300 K. This is because the twinning stress is lowered enough to give rise to twinning at lower temperature.
7) The most of the twinning planes were inclined 40 to 50 degrees to the forging axis, because they initiate on the primary slip plane when the operation of the primary slip is dominant and twinning is one of the stress relief mechanism complementary to cross slip. 7) Although the twins were still inhomogeneously distributed, subdivision of the initial grains already but partially took place.
The TEM photographs of the macrostructure developed after MDF to AEÁ" ¼ 2:4 and AEÁ" ¼ 6:0 are shown in Fig. 2 . At AEÁ" ¼ 2:4, grain fragmentation proceeded due to the appearance of several variants of twins especially at 77 K. The multiple variants of twins were induced by changes of the forging axis during MDF. That is, the forging axial change caused the change of the activated slip planes and, therefore, different variant twins could nucleate. The SAD pattern within the area of about 1 mm in diameter shows almost smooth rings ( Fig. 2 (a) ). This suggests that UFGs much finer than 1 mm have already uniformly formed at strain of AEÁ" ¼ 2:4 and at 77 K. On the other hand, the deformation twins were not fully evolved at 300 K, yet ( Fig. 2 (b) ). By further MDF to a strain of AEÁ" ¼ 6:0, the SAD pattern suggests that UFGs appeared completely uniformly in the whole areas at the both temperatures, as can be seen in Figs. 2 (c) and (d) . It is, therefore, evident that grain fragmentation was noticeably enhanced and accelerated by the multiple mechanical twins. The white or black contrast of about 100 to 200 nm in Fig. 2 is due to so called ''packet'', which is composed of single variant of twins, as will be shown below. Figure 3 shows microstructure evolved at AEÁ" ¼ 2:4. It is notable to see that grain subdivision by multiple twinning and their intersection took place especially at 77 K, whereas it pretty delayed at 300 K due to lower density of twins. Such intersection by multiple twinning obviously accelerated the grain fragmentation. The twin boundaries formed at 77 K look much sharper than those at 300 K. The foggy microsubstructure evolved at 300 K looks like those formed in copper alloy by cDRX during MDF. 11) This would imply that the dominant deformation mechanism at 77 K and 300 K seems mechanical twinning and dislocation glide, respectively. The TEM photographs of the microstructure developed in the samples at AEÁ" ¼ 6:0 are exhibited in Fig. 4 . It is evident that the evolved microstructures are composed of small ''packets'' with including single variant of twins. The crystallographical orientation among the previously-formed twins in a packet are not exact AE3 any more due to SPD after their nucleation. It implies, therefore, cDRX can be also one of the mechanisms of the grain refinement in Cu-Zn alloy even at 77 K. The packet size at AEÁ" ¼ 6:0 ranges from 20 to 100 nm, where the average twin boundary spacing was less than 10 nm. Although contrast of some twin boundaries in packets are too low to observe clearly in the photograph in Fig. 4 , twins and packets developed uniformly almost in the whole area. The flow stress during MDF at 77 K was 660 MPa at AEÁ" ¼ 0:4, about 950 MPa at AEÁ" ¼ 2:4 and 1040 MPa at AEÁ" ¼ 6:0. The quite high flow stress at the higher strain region aided such frequent and uniform nucleation of mechanical twins as to relief stress. When the twin boundaries are included for the estimation of average grain size, d, it becomes roughly about 17 nm at 77 K using equation (1) .
where D and L the dimensions of a packet, and n number of twins in a packet (see Fig. 4 (c) ). On the other hand, the UFGs evolution at 300 K looks rather delayed and, therefore, the average grain size is coarser, d ¼ 26 nm, than at 77 K due to lower density of twins and larger size of packets. Quite few dislocations were observed in these microstructures, although the samples were severely plastic deformed and the twin nucleation seems to be correlated with dislocation motion on a slip plane. This would be presumably due to consumption of the gliding dislocations on slipping planes to form the Shockley partials, which may act as a twin nucleus, 7) or due to absorption of dislocations into the high densely formed grain boundaries.
It is well known that strengthening by grain refinement down to 200 nm derives loss of ductility in copper and copper alloys. 11) Contrary to that, the present 20 nm grained Cu-Zn alloy exhibits high ultimate tensile strength over 900 MPa and ductility of about 20% at room temperature. The nanograined Cu-Zn alloy, therefore, possesses superior balance of strength and ductility. This will be precisely reported elsewhere.
12) The grain size obtained by utilizing mechanical twins is one order of magnitude smaller than those obtained previously by the ECAP, ARB and MDF processes. It is concluded, therefore, that the subdivision of grains by the mechanical twinning dramatically enhanced grain refinement to develop UFGed microstructure.
Summary
A bulk Cu-30 mas%Zn alloy was multi-directional forged at 77 K and 300 K. Evolution of ultrafine grained structure was induced by mechanical twins. Because of grain subdivision by the several variants of twins, development of nano-grained microstructure was further enhanced. Such grain refinement was more obvious at 77 K than at 300 K, because of the easier appearance of the twins. The grain size decreased with increasing cumulative strain. The average grain size of about 17 nm was achieved at accumulative strain of AEÁ" ¼ 6:0 and at 77 K. Enhanced Grain Refinement by Mechanical Twinning in a Bulk Cu-30 mass%Zn during Multi-Directional Forging
